Although the major light harvesting complexes of diatoms, called FCPs (fucoxanthin chlorophyll a/c binding proteins), are related to the cab proteins of higher plants, the structures of these light harvesting protein complexes are much less characterized. Here, a structural/functional model for the "core" of FCP, based on the sequence homology with LHCII, in which two fucoxanthins replace the central luteins and act as quenchers of the Chl a triplet states, is proposed. Combining the information obtained by time-resolved EPR spectroscopy on the triplet states populated under illumination, with quantum mechanical calculations, we discuss the chlorophyll triplet quenching in terms of the geometry of the chlorophyll-carotenoid pairs participating to the process. The results show that local structural rearrangements occur in FCP, with respect to LHCII, in the photoprotective site.
Introduction
Diatoms are unicellular, eukaryotic algae which play an important role in the climate of both marine and freshwater environments. The organization of the photosynthetic apparatus of diatoms, plants, and red algae is very similar, but, at the same time, there are significant differences in membrane topology, and in polypeptide and pigment composition. The thylakoid membranes are not differentiated into grana and lamellae and there is no spatial separation of photosystem (PS) I and PS II [1] . Moreover, in contrast to higher plants and green algae, the light-harvesting complexes of diatoms contain chlorophyll (Chl) c instead of Chl b, and fucoxanthin (Fx), instead of lutein, as the major carotenoid (Car) (the structures of the two carotenoids are reported for comparison in Fig. 1 ). These light harvesting complexes, called FCPs (fucoxanthin chlorophyll a/c binding proteins), are related to the cab proteins of higher plants [2] [3] [4] . Although the homologies are significant, the polypeptides in FCPs are smaller in size (17) (18) (19) (20) (21) (22) (23) and the proteins are expected to be more hydrophobic.
FCPs have been isolated in different oligomeric states from Cyclotella meneghiniana, with a preferential organization of 18 kDa proteins into trimers and of 19 kDa polypeptides into higher oligomeric states [5, 6] . This oligomerization marks a difference in the supramolecular structure of the FCP proteins compared to that of LHCII, likely reflecting the different arrangements of the thylakoid membranes [5] . The major xanthophyll cycle pigments in diatoms are diadinoxanthin and diatoxanthin. The localization of these pigments within the FCP light-harvesting complexes has been demonstrated and it has been shown that diatoxanthin plays an active role in non-photochemical quenching (NPQ) [6] [7] [8] [9] [10] . Thus, as LHCII of higher plants, FCP functions both in light harvesting and photoprotection. As suggested by the sequence homology, FCP is inserted in the membrane by three membrane spanning α-helixes, as the LHCII polypeptides in higher plants. The similarity is especially strong in helixes 1 and 3 [11] , but mature FCPs have been found to be smaller in size than the plant LHCs, due to shorter loops and termini [11] [12] [13] . Compared to higher plants, green algae, and photosynthetic bacteria, the structures of the protein complexes and the molecular mechanisms of the photo-physical processes occurring in the light-harvesting complexes of diatoms have been explored in much less detail.
In contrast to LHCII, which binds 14 Chls and 4 Cars [14] , FCP binds more Cars and fewer Chls. Different stoichiometries have been proposed up to now, ranging from a 4:4:1 to a 8:8:2 Fx/Chl-a/Chl-c2 per monomer [15, 16] . Although this last estimation brings the number of pigments in FCP and LHCII to be the same, most of the Chl b molecules are replaced by Fxs [15, 16] and the absence of a red-shifted Qy band and excitonic signals in the Chl a-absorbing region of the circular dichroic spectrum seems to indicate that the FCP pigments have limited close interactions. FCP collects the incident light energy and transfers it to PS I and II [17] . It has been found that, upon excitation of Fx molecules, a significant amount of excitation energy is transferred rapidly to Chl a [18] . The lack of spectral evolution in the Chl a bleaching band in time resolved absorption spectra, and the fact that it appears at 670 nm [18, 19] , suggests that the chlorophylls in the FCP complex are not excitonically coupled. Moreover, the fluorescence-excitation measurements indicate that the energy transfer from Chl c to Chl a is 100% efficient, while not all Fxs in the complex are equally efficient in energy transfer to Chls [18] .
A structural model for FCP, based on six Chl a plus one Chl b conserved ligands and two central carotenoids binding sites as in LHCII, is proposed. This conserved core of pigments is shown in Fig. 1 . The position of the extra pigments remains completely unknown even though, based on Raman experiments, a larger number of conserved Chl positions have been suggested [16] .
The central luteins of the core of LHCII, bound in L1 and L2 sites, are known to be involved in triplet-triplet energy transfer (TTET) [20] . In this photoprotection process Cars are efficient, fast, and direct quenchers of the Chl a triplet states ( T Chl) thus preventing the formation of singlet oxygen ( 1 O 2 *) and subsequent harmful oxidation of membrane and protein elements [21] . In our recent Optically Detected Magnetic Resonance (ODMR) study on the triplet states populated under illumination in FCP from C. meneghiniana, evidence for the quenching of T Chl states by Fx was provided, showing that this Car is indeed able to perform the photoprotective role. ODMR data have shown that two slightly different Car triplet state ( T Car) populations are produced which have been assigned to the Cars located in the analogous of L1 and L2 sites of the LHCII structure. However, it was also pointed out that the differences in the interactions among pigments, as revealed by the triplet-minussinglet spectra of the T Car states, suggest a different geometry of the Car-Chl pairs involved in TTET in the two light harvesting complexes [22] .
In the past, we have studied the formation of T Car in LHCII from higher plants and in PCP and LHC complexes from dinoflagellates, by means of advanced EPR techniques (Time Resolved EPR, pulse EPR and pulse ENDOR) [23] [24] [25] [26] . In LHCII chlorophylls Cla612 and Cla603 (nomenclature as reported in [14] ) were identified as the sites having the highest probability of the triplet formation and undergoing triplet quenching by the two central luteins (Lut620 and Lut621). In PCP, Per614 (nomenclature as reported in [27] ) has been identified as the specific peridinin playing the main role in the photoprotection mechanism.
In this work we extend our previous ODMR study on the T Car populated under continuous illumination in isolated FCP, by means of time-resolved (TR-) and pulsed EPR techniques, integrated with quantum mechanical (QM) calculation methods. Starting from the sequence homology of FCP and LHCII, TTET is exploited to gain structural information on the complex in terms of Car-Chl pairs involved in the photoprotective mechanism.
Materials and methods

Sample preparation
FCP complexes from C. meneghiniana were prepared according to the method described in [5] . In brief, thylakoids were solubilised with β-dodecyl maltoside and complexes were separated by sucrose gradient centrifugation. The lower brown band was harvested and concentrated to an OD of 0.85 (1 mm) at 440 nm. The samples used for measurements represented a mixture of FCPa and FCPb complexes, thus having the same pigment composition as the complexes described in [18] . For all the experiments, the FCP samples were dissolved in buffer (6% sucrose, 10 mM Mes pH 6.5, 2 mM KCl, glycerol (60%v/v)).
Time Resolved EPR
TR-EPR spectra were recorded using a Bruker ER200D X-band spectrometer with an extended detection bandwidth (6 MHz), disabled magnetic field modulation and using pulsed sample photoexcitation from the second harmonic of an Nd:YAG pulsed laser (Quantel Brilliant, λ = 532 nm, pulse length = 5 ns; E/pulse ≅ 5 mJ, 20 Hz repetition rate). The EPR signal was digitized with a LeCroy LT344 digital oscilloscope, triggered by the laser pulse. The overall response time of the instrument was about 150 ns. At each magnetic field position, an average of 100 transient signals was usually recorded. Sample temperature in the range 20 K-300 K was controlled with a helium flow system with 0.5 K accuracy.
EPR spectral simulations
Simulations of the powder spin-polarised triplet spectra were performed using a program written in Matlab® exploiting the EasySpin routine (ver. 4.5) [28] . The program is based on the full diagonalization of the triplet state spin Hamiltonian, taking into account the Zeeman and magnetic dipole-dipole interactions, assuming a random of molecular orientations with respect to the magnetic field direction. Input parameters are the sublevel populations, the zero field splitting (ZFS) parameters, the line width at the canonical orientations and the g-tensor components.
Calculations of the sublevel triplet state populations of the acceptor (Car), starting from those of the donor (Chl), were performed as before for the LHCII, LHC and PCP complexes [23] [24] [25] [26] using a home-written program in Matlab® software, following the formalism of [29] , and utilizing the X-ray coordinates of the LHCII protein core. The directions of the ZFS axes of the carotenoid triplet state were obtained applying the procedure of principal component analysis, using the Matlab® function "princomp", as previously described, by considering all the carbon atoms belonging to the conjugated chain [25, 26] . The solution vector with the greatest eigenvalue lies (approximately) along the main axis (Z) of the Fx molecule, the vector with the intermediate eigenvalue lies (approximately) along the C\H bonds (X) and the vector with the smallest eigenvalue is perpendicular to the molecular plane (see Fig. 1 for a schematic view).
The program for the calculation of the triplet sublevel populations works in the limit of the high field approximation and in the limit of a TTET process which is fast compared to the time evolution of the donor triplet spectrum (which for T Chls requires hundred of ns, from 30 K up to 200 K) but slow enough to allow spin alignment in the external magnetic field (this takes places in the picosecond time scale).
QM/QM calculations
Since the arrangement of the pigments in the FCP complex is not known, we started from the hypothesis of a structural homology between FCP and LHCII [16] , and defined a procedure to estimate the compatibility of the possible conformations suggested by the simulation of the triplet EPR spectra, with the arrangement of Fx molecules into the L1 and L2 sites. These sites were previously recognized as the loci of T Chl quenching in LHCII [21] .
The core of FCP was assumed to adopt the polypeptide backbone structure of the core of monomeric LHCII derived from the X-ray structure (PDB ID: 1RWT) [14] . The positions of Cla602, Cla603, Cla610, Cla612, Cla613 and Cla614, surrounding the central luteins were also conserved. According to the sequence alignment between the spinach LHCII and the FCP from C. meneghiniana [16] many residues facing the carotenoid L2 binding site within 4 Ǻ are non-conserved in FCP. Since the residues facing the carotenoid L1 binding site are mostly conserved, we focussed on the L1 site and changed those few residues which were not conserved, namely Leu172 and Ser190 which in FCP correspond to Lys and Ala respectively, while assuming that the pigment arrangement in the L2 site is similar and symmetric, in terms of relative pigment arrangement to the L1 one, as in LHCII.
A two-layer QM/QM approach [30] was set up for geometry optimization as implemented in the Gaussian software [31] . The inner layer was described using DFT (Density Functional Theory) [32] [33] [34] ; PBE0 functional [35] [36] [37] and 6-31G(d) basis set [38] were employed. This level of theory has been satisfactorily used before for similar systems [39] . The inner layer includes Fx in L1, Cla612 without phytol chain and the asparagine coordinating Cla612.
PM3 Hamiltonian [40, 41] was used for the outer layer, which is formed by the pigments and the residues located within 4 Ǻ from the Cla612 and Fx of the inner layer. The backbones of the amino acids belonging to the α-helixes 1 and 3 were frozen during the geometry optimization.
Different initial structures have been considered: 1) Fx has been manually inserted in the same configuration of lutein in the L1 site of LHCII (0°, i.e. identical orientation of the central isoprenoid chain of the Car) and 2) Fx has been inserted as in 1) and rotated of specific angles about its long Z axis (40°, − 60°, − 140°, 120°: see caption of Fig. 1 for the definition of angle rotation). These angles were selected on the basis of the EPR data as described in the Results section. Since Fx is an asymmetric carotenoid, having two different terminal substituted rings, initial geometries with both directions of insertion have been considered and are denoted "orientation A" and "orientation B", in which the epoxide end group of Fx (see Fig. 1 ) points toward the lumenal and stromal sides respectively. Since the two ends of Fx have different steric hindrance, the definition of the outer layer is different (different residues) for A and B. The residues whose backbones are kept frozen are also different for A and B, namely Met73, Ala76, Leu77, Gly78, Cys79, Val80, Leu176, Lys179, Asn183, Leu186, Ala187, Ser190, Gly193, Phe 194, Gln197 for A; Ala72, Met73, Leu74, Ala76, Leu77, Val80, Leu84, Leu176, Lys179, Asn183, Gly184, Leu186, Ala187, Met188, Phe189, Ser190, Met191, Gly193, Phe194, and Gln197 for B (note that all residues are numbered according to LHCII sequence). Additionally, in B, because of a steric interaction between Ser190 and Fx, the former was included in the inner layer.
Results
TR-EPR
Continuous illumination of isolated FCP complexes at cryogenic temperatures leads to the formation of T Car as previously revealed by ODMR spectroscopy [22] . Two different T Car populations were detected by ODMR: T1 (with ZFS parameters: |D| = 45.1 mT, |E| = 4.35 mT) and T2 (|D| = 46.6 mT, |E| = 4.35 mT). Since it is known that T Cars are not populated directly from the excited singlet states [21] , their presence in the antenna complexes was attributed to T Chl quenching. Illumination of the complex at 1.8 K resulted also in the production of T Chls which were not quenched by the carotenoids, having ZFS parameters: |D| = 30.5-30.8 mT and |E| = 4.21 mT. These triplets were assigned to the "red most" chlorophylls of the complex, on the basis of their microwave-detected triplet-minus-singlet spectra [22] . No Chl c triplet states were detected [22] .
The triplet states revealed by ODMR can also be detected by pulsed laser illumination of the samples in conjunction with time-resolved or pulse EPR detection. Fig. 2 shows the 30 and 200 K X-band spin-polarized TR-EPR spectra of FCP, taken 150 ns after the laser pulse. The spectra reveal the presence of, at least, two different species. The prevalent triplet, having ZFS parameters: |D| = 30.0 ± 0.5 mT and |E| = 3.8 ± 0.01 mT, can be easily assigned to T Chl a, on the basis of the ZFS parameters determined by ODMR spectroscopy reported above, and by comparison with the well-known in vitro TR-EPR spectrum of T Chl a [25] .
The presence of T Car in the composite spectrum is revealed by the transitions corresponding to the canonical orientation Z (separated by 2|D|, |D| = 46.3 mT), which do not overlap with the transitions due to T Chl a. The observed |D| parameter is close to the values of the |D| parameters determined by ODMR even though two different carotenoid triplet states cannot be resolved. The relatively large contribution of T Chl a, to the TR-EPR spectrum, is partially reduced at higher temperature (Fig. 2) .
Two-pulse ESE experiments have been successfully used before for the analysis of the EPR spectra of the photo-induced triplet states in LHCII, LHC and PCP [23] [24] [25] [26] . In those cases the shape of TR-EPR and ESE detected spectra of T Cars, taken at short delay after the laser flash, the same as in this work, i.e. 150 ns, was identical, due to the absence of fast and anisotropic relaxation processes, at the temperature of the experiments (30 K). In contrast, the ESE detected spectrum of FCP shows the absence of the Z components, making it difficult to exploit the remaining features to extract the "pure" contribution of the T Car states (Fig. S1 Supplementary data) . Nevertheless, by taking the difference between the two TR-EPR spectra taken at 30 and 200 K, which contain a different relative contribution of T Chl a, after normalization of the intensity of the spectra on the Z transitions of the carotenoids, the pure spectrum of T Chl a can be obtained. As a consequence the whole spectrum may be reconstructed into its components and the pure T Car spectrum obtained as well, see Fig. 2 (the parameters used in the spectra reconstruction are reported in Table 1 ). The spin polarization of the T Car component determined from this reconstruction of the spectrum is: eeeaaa (a stands for absorption and e for emission). Compared to the polarization pattern observed in LHCII from higher plants and LHC from dinoflagellates, i.e. eeaeaa, the FCP complex presents reversed central lines. Since T Car inherits the polarization pattern from T Chl a, this means that a different relative configuration between the Chl and Car pairs involved in TTET has been adopted in this complex.
The time evolution of the spin polarization was investigated by monitoring the TR-EPR spectrum at different delay times (see Fig. 3 ). The Z component has a decay time of about 8 μs while the polarization of the Y component is inverted after about 6 μs. These effects are expected on the basis of the anisotropy of the decay rates of the spin sublevels, as previously reported for the kinetics of T Car in other systems [26, 29, 42] , and have contributed to the correct reconstruction of the spectrum at initial time. The spectrum detected at long times after the laser flash allows a more precise determination of the X and Y canonical transition field positions of the T Car state, because of the reduced contribution of the T Chl component. The time evolution of the T Car spectrum is slow compared to the time scale of the TTET, thus the spectra taken at the earliest time reflect the "initial" polarization inherited from the T Chls. The Chl contribution to the TR-EPR spectrum evolves independently showing no correlation with the time evolution of the T Car, meaning that it is due to T Chls which are not quenched by Cars and hence are unprotected Chls.
EPR spectral analysis and computational results
In analogy with other light harvesting complexes, the formation of T Car in FCP is thought to arise from T Chl a quenching. The spin polarized Table 1 . spectrum of T Car conserves the polarization pattern inherited from the T Chl donor, due to the occurrence of spin conservation during TTET. We have already discussed in details this point in our previous work on PCP, LHC and LHCII [43, 25, 26] and have shown that the pairs involved in TTET can be identified by comparing the spin polarization derived from the experimental TR-EPR spectrum with that calculated on the basis of the structure of the complex and the orientation of the ZFS axes on the pigment molecular frames. Although the structure of FCP is not available, the sequence alignment allows the hypothesis of a structural similarity with the LHCII complex, as in the case of LHC [25] . In particular the structure of the core of the protein, composed by the central Cars, which are the sites of T Chl a quenching in LHCII, and chlorophylls Cla610-612-602-603-613-614, is expected to be conserved (Fig. 1) [16] . By assuming a conserved relative geometry of carotenoids and Chls in the core of the complex, the parameters to be set for the calculations of the Car spin polarized triplet spectrum are: 1) the values of the ZFS parameters; 2) the directions of the ZFS axes in relation to the molecular frame, for both the donor (Chl) and the acceptor (Fx); and 3) the sublevel population rates of the T Chl a.
The T Chl a ZFS axes used are those previously defined for T Chl a in LHCII [26] , while the ZFS axes of the inserted Fx have been obtained by the procedure used for the PCP complex, as described in the Materials and methods section. In fact, differently to what is observed for singlet states, calculations of the electronic distribution of the peridinin triplet state, based on experimental ENDOR data on PCP, have shown that the triplet state maintains the same characteristics of lutein in LHCII, meaning that it is mainly determined by the long conjugated chain [23] rather than by the substituents. Since the molecular structure of Fx is similar to that of peridinin, it seems reasonable that the ZFS directions are properly determined by the same method used for peridinin in PCP.
Due to the fast TTET, the spectral features of the T Chl a states, which are specifically quenched by the carotenoids in FCP, cannot be identified. Consequently, we have to also make some assumptions in terms of the sublevel populations of the T Chl a, to be projected from the donor to the acceptor triplet in order to calculate the T Car acceptor populations. As in our previous work [25, 26] , we present the calculations for the population rates of the acceptor triplet obtained by using the T Chl a populations which produce the eeeaaa spectral pattern observed also for the unquenched T Chl a states in FCP (Fig. 2, green line) .
We have calculated the initial T Car spectra, expected on the basis of the TTET mechanism, for all the Cla610-612-613-614/Fx mutual configurations derived from LHCII structure after substitution of luteins with Fxs ( Fig. 4) . (The overall set of parameters used for the calculations can be found in the Supplementary data). Note that Cla602 and Cla603 give equivalent spectra to Cla610 and Cla612. Although the structure of the Fx in the L1/L2 sites has not been optimized for this evaluation, the calculations demonstrate that none of the Chls of the core shows the polarization pattern of the experimental EPR spectrum. Thus, in the hypothesis of a general structural similarity between the LHCII and the FCP and in the hypothesis of a conserved photoprotective function of Cars located in the L1/L2 sites, a local molecular rearrangement of the carotenoid/chlorophyll molecules must be considered. This rearrangement might be due to the different molecular structures of Fx compared to that of lutein. Fig. 4 . T Fx TR-EPR spectrum in L1 site of LHCII populated via TTET starting from conserved Chls. Experimental spectrum is shown in black. Color code according to the reported molecular structure of L1 and L2 sites of triplet quenching in LHCII; Chls a conserved in FCP are shown together with luteins 620/621 (orange).
Based on the assumption that the chlorophyll triplets quenched by Cars are those formed in Cla603/Cla612 as in LHCII, and on the basis of the cylindrical shape of the protein pocket where the Cars are located we consider that the most likely rearrangement to occur is a rotation of the carotenoid around its long symmetry axis. The calculation of TTET from Cla603/Cla612 shows that the experimental T Car EPR spectrum can be reproduced for a limited number of rotation angles, namely 40°, − 57°, − 140°, and 120°(see Fig. 5 ).
To estimate if some of the conformations that give rise to TR-EPR spectra compatible with those observed correspond to plausible structures of the protein core of FCP, multi-layer QM calculations have been performed. Optimization of the core structure was performed starting from different initial configurations prepared by inserting the Fx in the L1 site in the same configuration of the lutein (0°) and rotating Fx about its long ZFS axis by the four different angles (40°, − 57°, − 140°, 120°) that gave rise to acceptable simulations of EPR spectra. In addition, due to the asymmetry of the carotenoid, both directions of insertion of Fx have been considered, denoted orientation A and orientation B, for a total of ten initial structures (note that rotation angles are given with respect to the Z-axis before inversion of the carotenoid in the site, which correspond to a further 180°r otation of the Fx with respect to the X-axis). The results obtained for some significant conformations are reported in Fig. 6 , where the Cla612-Fx pairs are shown as input and output structures. During the geometry optimizations Fx rotated about its long axis from the initial (input) position. In some cases the optimized structures were characterized by strong distortion of the Fx conjugated chain and for this reason have been discarded (data not shown). Among all the optimized geometries, only that obtained starting from a − 140°r otation angle (in orientation B) leads to a calculated T Car spectrum compatible with the experimental one, in terms of polarization pattern (Fig. 7) . In the optimized configuration Fx is rotated of about − 120°and also slightly tilted while Cla612 undergoes a small shift with respect to the crystal structure. In Fig. 7 a comparison between this optimized core structure of FCP and that of LHCII is shown.
Discussion
The EPR results obtained for FCP show that the TTET between Chl and Fx is active up to 200 K but, despite the high Car/Chl ratio, the efficiency of the quenching of T Chl a is low. In fact a population of unquenched T Chl a is present, which is even larger than that observed before in LHC and LHCII [24, 25] as revealed also by ODMR [22] . The proposed structural model for FCP based on six Chl a plus one Chl b conserved ligands and on two conserved central binding sites for Cars suggests that, also in FCP as in LHCII, the L1 and L2 sites may well be the sites of T Chl quenching. However, as we have discussed in our previous ODMR work, the absence of the bleaching of Chl c in the triplet minus singlet spectra associated to T Car states in FCP clearly indicates that Chl b is not just replaced by Chl c in the FCP protein structure [22] . Moreover Cla611, which is coordinated by a phospholipid in LHCII, is likely to be absent in FCP [16] . Thus, the altered molecular composition of the site, where an asymmetric carotenoid like Fx substitutes the lutein molecule, and the change in the interactions among pigments, and in particular the absence of Chl b, may be responsible for the observed difference in the relative geometry of the Car-Chl pairs involved in TTET, as revealed by the EPR experiments. The spectral analysis reported in [26] has shown that the initial polarization pattern of the T Car detected in LHCII by TR-EPR and pulse EPR may be reproduced by considering a single TTET step from Cla603 to Lut621 (site L2) and/or from Cla612 to Lut620 (site L1). The largely varied spin polarization of the T Car states observed for FCP here points toward a different pigment organization of the central carotenoids and surrounding Chls compared to LHCII.
On the basis of the calculations reported in the Results section, some conclusions can be drawn. If the similarity with LHCII extends at the level of the Chl/Car pairs involved in TTET (namely L1, L2 and Cla603/612), then the Fx/Chl molecules are oriented relative to each other in a different way, compared to the lutein/Chl pairs. This is probably a consequence of the different structures of the two end groups of Fx and the absence of Chl b/Chl a interactions, which affects the site energies in the core of FCP.
As suggested by the comparison between the experimental EPR spectrum and QM results, the most likely rearrangement of the photoprotective site corresponds roughly to a − 120°rotation of Fx about its long axis (Euler angles are reported in Table S3 Supplementary data). This may have a consequence on the loss of Chl triplet quenching, when compared to that of LHCII, and could explain the large amount of observed unquenched T Chl states populated upon illumination. In fact, a different relative arrangement of Fx-Chl a pairs compared to Lut-Chl a pairs in LHCII, together with a change on Chl-Chl interactions due to the absence of Cla611 and Chl b, may lead to a different excitation energy distribution among the Chls close to L1 and L2 sites, because of the change in the local site energies. It may be worth noting that during the QM geometry optimization starting from different angles, Fx rotates with respect to its initial position about its long ZFS Z axis; and in some cases Fx bends anomalously loosing conjugation. In geometries with orientation B we have noticed that the steric hindrance at the end of Fx pointing on the stromal side induces the Fx to escape from the cavity where it has been inserted. This translation of the carotenoid is accompanied by strong deformations which occur to accommodate the imposed constraints. When such severe distortions occurred, also in the geometries with orientation A, the resulting optimized core structures were discarded due to their poor physical meaning. Among the suitable geometries with orientation A the lowest energy structure is obtained starting from a Z-axis rotation of −140°, while starting from 0°and 40°the calculations converged to minima with very similar but higher energies. Among the geometries with orientation B the lowest energy structure is obtained starting from −140°. The computed spectrum based on the corresponding output structure is the only one, among all the calculated structures, which is in reasonable agreement with the experimental spectrum. It is important to note that starting from the lutein-like 0°orientation, Fx is found slightly rotated but significantly translated and distorted in the converged minimum energy final structure. Thus, both the configurations in which the Fx is inserted in the protein core as lutein (°0) do not represent an energy minimum; conversely, some of the rotated structures seem to be more stable (see Table S2 in Supplementary data).
An alternative explanation for the EPR results could be the direct involvement in the TTET process of other Fxs present in each FCP monomer besides the ones in L1 and L2. In that case, due to the lack of structural information on the protein constrains, the exact orientation of the Chl/Car pairs involved in TTET cannot be inferred. In fact the number of relative geometries which could give rise to the observed polarization pattern in the TR-EPR spectrum of T Fx, within the experimental uncertainty, is very large (the details of the general method used to determine all the possible configurations which produce a given polarization pattern will be published elsewhere). Therefore, in this case it would be impossible to give a univocal geometry of the pairs involved in the photoprotective mechanism of T Chl quenching. However, on the basis of our previous ODMR results, which have shown an extended spectral similarity of FCP with the LHCII complex, the specific involvement of the extra fucoxanthins in the direct quenching of chlorophyll triplet states seems to be unlikely.
It may be surprising that a complex which is richer in carotenoids than LHCII presents a higher contribution of unquenched Chl triplet states. However, it is well known that also in LHCII two carotenoids, namely neoxanthin and violaxanthin, are not involved in TTET, and "unquenched" Chls are observed in this complex as well, although in minor amount. There are strict geometrical requirements for TTET in particular close proximity provides the necessary overlap of the wavefunctions of donor and acceptor, thus some carotenoids may not fulfill these conditions relatively to specific Chls present in the protein. It is worth noting that some Fxs are not involved even in singlet energy transfer to Chls [18] suggesting that they may have a role similar to that of neoxanthin in LHCII, consisting in the direct quenching of singlet oxygen. As suggested in [15] , the bluer Fxs, Table 1 . Bottom: comparison between the optimized conformation (B: −140°) of FCP core (thick) and the structure of LHCII (thin). Color code: Fx (orange), Cla612 (red), other Chls (green for FCP and gray for LHCII). Non-conserved amino acids are highlighted. which are less efficient at energy transfer to Chl a, may be involved in transferring their absorbed energy to the red Fxs.
Conclusions
This study on the quenching mechanism of T Chl in isolated FCP complex from C. meneghiniana confirms the suggestion of our previous work on FCP, which revealed a local different arrangement of the pigments involved in the photoprotective mechanism, compared to the structure of the photoprotective sites of LHCII. Indeed, the TR-EPR experiment has revealed a variation on the spin polarization pattern of the triplet state spectrum of Fx, which is indicative of a variation of the relative configuration of the Chl-Car pair involved in the photoprotection.
We suggest a model for the interpretation of the spectroscopic data, based on the analogy with the "core" of LHCII. In the assumption of a conserved function of carotenoids in L1-L2 sites, a putative conformation described by a rotation of the carotenoid Fx in the L1 site of about −120°along its long axis has been calculated.
It is worth noting that in principle, other Fx-Chl a pairs, together with those belonging to the L1 and L2 sites, could contribute to the observed T Car TR-EPR spectrum. However, in general, different geometries of the Chl-Car pairs would lead to a decrease of the intensity of the whole spectrum, because of different signs of the polarization patterns. Thus it seems unlikely that many different Fxs contribute to the observed spectrum. Moreover, in the ODMR spectra, which are more sensitive to the influence of different protein environments on the ZFS parameters, there was no evidence of the presence of more than two T Cars [22] .
Although, due to the large number of assumptions which have necessarily been adopted for the calculations of the TR-EPR spectrum, the assignment of the Chl-Car pairs involved in TTET in the conserved core remains speculative, nevertheless a local rearrangement of the Car-Chl a pairs in the L1 and L2 sites, compared to that present in LHCII, as suggested by QQ/QM calculations, is likely to occur, because of the steric effect of the Fx terminal rings and of the absence of close interactions among chlorophylls in the site.
